Cannabis Alcohol Adolescence Developing brain Positron emission tomography (PET) Blood oxygen dependent level (BOLD) Neuroimaging Neuropsychological studies a b s t r a c t Sex hormones and white (and grey) matter in the limbic system, cortex and other brain regions undergo changes during adolescence. Some of these changes include ongoing white matter myelination and sexually dimorphic features in grey and white matter. Adolescence is also a period of vulnerability when many are first exposed to alcohol and cannabis, which appear to influence the developing brain. Neuropsychological studies have provided considerable understanding of the effects of alcohol and cannabis on the brain. Advances in neuroimaging have allowed examination of neuroanatomic changes, metabolic and neurotransmitter activity, and neuronal activation during adolescent brain development and substance use. In this review, we examine major differences in brain development between users and non-users, and recent findings on the influence of cannabis and alcohol on the adolescent brain. We also discuss associations that appear to resolve following short-term abstinence, and attentional deficits that appear to persist. These findings can be useful in guiding earlier educational interventions for adolescents, and clarifying the neural sequelae of early alcohol and cannabis use to the general public.
Introduction
Sex hormones and white (and grey) matter in the limbic system, cortex and other brain regions undergo changes during adolescence [1] . Increasingly high resolution and rapid acquisition neuroimaging techniques have allowed us to examine neuromaturation more carefully than in the past, permitting the identification of sex similarities and differences in brain development.
White matter development in adolescence
White matter development and pubertal staging are highly correlated [2] . White matter, consisting of myelin-coated axons, is primarily concentrated in the inner brain and facilitates communication between regions to create neural networks such as the cortico-cortical and cortico-subcortical connections [2] . These cortico-cortical and cortico-subcortical connections are critical in serving cognitive and mood functions [2] . Whole brain analyses have demonstrated age-related increases in white matter volume and fractional anisotropy (FA) bilaterally in a number of fiber tracts including the arcuate fasciculus and corticospinal tract [3] . FA changes are thought to be a consequence of increases in the diameter of axons forming fiber tracts resulting in increases in parallel diffusivity [3] . These observations have occurred in areas supporting speech and motor function (i.e., arcuate fasciculus and corticospinal tract) and are thought to enhance long distance connectivities in white matter tracts [3] .
Grey matter development in adolescence
Grey matter, consisting predominantly of neuronal cell bodies, dendrites, synapses, and unmyelinated axons, serves to process information by means of directing sensory stimuli to nerve cells [4] . Grey matter also contains glial cells that function to transport nutrients and energy to neurons [4] .
Grey matter and intelligence have demonstrated some very interesting correlations. Intelligence quotient (IQ) is positively correlated with grey matter cortical volume in the prefrontal cortex in adolescents [5] [6] [7] . Remodeling and ongoing maturation of the central nervous system in adolescence are thought to be mediated in part by age-related grey matter volume changes [3, 8] . Overall reductions in cortical grey matter volume have been observed during adolescence [3] . This process has been described as grey matter undergoing synaptic pruning [3] . Synaptic pruning may result in more specialized functional networks and more efficient processing of information as some have suggested [9] . However, others have suggested that cortical volume changes of the scale detected by magnetic resonance imaging (MRI) are unlikely due primarily to synaptic pruning and instead may be the result of increased myelination of intra-cortical axons [10] . For girls, subcortical grey matter forebrain structures have been found to be at adult volumes. For boys, volumes of the same subcortical gray matter structures have been found to be larger than for adult males and are thought to undergo regression into adulthood [11, 12] . Girls have significantly smaller volumes of cortical grey matter, but greater extraventricular cerebrospinal fluid (CSF) than boys [8] .
Refined analytic approaches show that most brain regions, including mean cortical thickness, appear to demonstrate a linear, monotonic decrease in cortical thickness after 5 years of age and through adolescence [13] . A minority of areas, the bilateral temporo-parietal regions and the right prefrontal cortex, demonstrated cubic trajectories with peaks in cortical thickness at or before age 8 [13] . Males demonstrated faster occipital thinning than females [13] .
The limbic system is well known to play an important role in emotion, behavior, motivation, long-term memory, and olfaction [14] . During adolescence, amygdala and hippocampal volume increase for both males and females [15] . However, amygdala volume increases significantly more in males than females while hippocampal volume increases more in females than males [15] .
Sex differences in adolescent brain development
A number of sex differences in the developing brain have been found. Males have demonstrated volumetric increases in white matter compared to females [8] . However, males have shown faster occipital thinning than females. Differences in total cerebral volume between boys and girls have been noted with 10% larger volume in boys and primarily in the form of increased cortical gray matter [8] . However, after 5 years of age, neither boys nor girls show any major change in total cerebral volume [8] . These findings support the hypothesis that sex differences in brain size are related to cortical neuronal differences. Subcortical nuclei size was found to be the same between boys and girls. However, girls have proportionally greater extraventricular CSF but not ventricular CSF [8, 15] compared to boys. Cerebral volumes adjusted for intracranial vault size have been found to differ in the mean volume of the caudate and globus pallidus between males and females; the volume of the caudate has been found to be larger in females whereas the volume of the globus pallidus has been found to be larger in males [15] . Lateral ventricles demonstrated increases in size in males but not in females during development after age 11 [15] . Boys have demonstrated faster increases in white matter volume than girls during adolescence [16] . Using diffusion tensor imaging, greater FA has been noted in white matter regions (including frontal lobe) in boys whereas greater FA has been noted in the splenium of the corpus callosum for girls [17] .
In addition, greater mean diffusivity (MD) in boys has been seen in the corticospinal tract and frontal white matter in the right hemisphere [17] . In contrast, girls have shown greater MD in the occipito-parietal lobes and superior aspect of the corticospinal tract of the right hemisphere [17] . Mean diffusivity reflects the rate of water diffusion, independent of directionality and is an inverse measure of membrane density. Mean diffusivity of white matter has been found to correlate with cognitive performance (IQ, executive function) [17] . Mean diffusivity of the corticospinal tract was found to correlate with clinical scores related to motor function [17] . Finally, girls demonstrated greater fiber density increases with age than boys in associative regions based on MD values [11, 12, 16] . These sex differences may be responsible in part for many of the differences observed in prevalence, onset, and symptoms of psychiatric disorders of adolescence.
Effects of cannabis on adolescent brain development
Cannabis has been most well studied in heavy users rather than those who use sporadically where the effect of use is unclear. The most common form of cannabis, smoked, has seen an evolution in its composition over the past few decades. There has been an increase in the psychoactive component (delta-9-tetrahydrocannabinol or THC) and a decrease in the therapeutic component (cannabidiol). Some experts have suggested this has led to an increase in the persistence of neuroanatomic changes in the brain during adolescence [18, 19] . We discuss some of these changes here, in addition to alterations in volumetric, grey matter density, and positron emission tomography activity recently observed in the literature.
Neuropsychological changes: attention, memory, processing speed, and visuospatial functioning
Jacobus et al. [44] have found that heavy cannabis use in adolescence was linked to a number of neurocognitive deficits when studied in cannabis users whom also had co-occurring alcohol use. Extent of usage was quantified using the Customary Drinking and Drug Use Record, which allows assessment of lifetime alcohol, marijuana, cigarette, and other drug use [20] . Specifically, deficits were found in attention, memory, processing speed, and visuospatial functioning [21] . Medina et al. [22] also found that cannabis use was associated with slower psychomotor processing, poorer attention, story memory, and planning and sequencing ability. Cousijn et al. [21] found that working memory network functionality was not associated with moderate to heavy levels of cannabis use over a 3 year period. Number of lifetime cannabis use episodes was also associated with poorer cognitive function in spite of controlling for lifetime alcohol use. After one month of abstinence, adolescent cannabis users still showed subtle neuropsychological deficits compared to nonusers [22] . Hanson et al. [23] found that poorer verbal learning and working memory improved following 3 weeks of abstinence whereas attention deficits remained. They suggested that changes in the hippocampus, subcortical, and prefrontal cortex might be responsible for these findings [23] . Earlier onset of cannabis use was also associated with decreased processing speed and executive function 3 years later [21] .
Neuroanatomic changes: cortical thickness, volume, and white and grey matter changes
A number of neuroanatomic changes have been observed in heavy, long-term cannabis users. Cannabis users have been found to have thicker cortices in the left entorhinal cortex, even after 28 days of abstinence (see Fig. 1 ). In addition, more lifetime cannabis use was found to be associated with thinner temporal and frontal cortices [24] . Regular cannabis users compared to controls were also found to have reduced hippocampal, prefrontal cortex, and amygdala volumes, in addition to larger cerebellum and striatum volumes [25] . These regions are thought to be high in cannabinoid type 1 (CB1) receptors where THC binds; the hippocampus has one of the highest densities of cannabinoid receptors [24] . THC is thought to accumulate in neurons and to become neurotoxic with chronic use [24] . There is also some evidence that changes in the hippocampus, cerebellum, prefrontal and lingual regions were associated with THC and cannabidiol levels, suggesting toxic and protective effects respectively [24] . Some studies have demonstrated that THC induces apoptosis in cultured cortical neurons [26] . Chronic THC use in animals has shown widespread CB1 receptor down-regulation and desensitization [27] . Greater dose and earlier starting age of use were also found to be associated with these changes [18] . In small preliminary studies, adolescents with heavy cannabis use have been found to have reduced fractional anisotropy, increased radial diffusivity, and increased trace in the fronto-temporal connection via the arcuate fasciculus [28] . Lastly, higher gray matter density or a reduction in grey matter volume has been found in the amygdala, prefrontal cortex, parietal cortex, and striatum with THC use compared to controls [18, 29] .
Neurotransmitter functioning
Many studies using positron emission tomography (PET) have found that the administration of THC led to increased activity of the frontal and paralimbic regions, in addition to the cerebellum. Some authors have proposed that the pleasurable effects of THC are mediated by increases in activation of the paralimbic brain regions whereas distortions of time perception are mediated by activation of the cerebellum [30] . In chronic cannabis users, decreased resting perfusion of the cerebellum and frontal regions has been observed [30] . Iverson [31] explains this decrease in activity as a down-regulation of CB1 receptors and consequential inhibition of neurotransmitters such as gamma-aminobutyric acid (GABA), glutamate, dopamine, serotonin, and acetylcholine.
Summary of cannabis-related findings
The effects of cannabis on adolescent brain development span numerous domains. Neuropsychological deficits have been noted in attention, memory, processing speed, and visuospatial functioning [21] . Even after three weeks to one month of abstinence, cannabis users still showed poorer verbal learning and working memory than nonusers [22, 23] . Neuroanatomic differences in cannabis users compared to non-users include thicker left entorhinal cortices and longer lifetime cannabis use was associated with thinner temporal and frontal cortices [24] . Reduced hippocampal, prefrontal cortex, and amygdala volumes and larger cerebellum and striatum volumes were also noted in regular cannabis users. Finally, a reduction in grey matter volume has been found in the amygdala, prefrontal cortex, parietal cortex, and striatum of cannabis users [18, 29] . PET studies of neurotransmitter functioning have revealed increased activity of the frontal and paralimbic regions, in addition to the cerebellum following THC administration [30] . These findings have been summarized in Table 1 and Fig. 1 .
Effects of alcohol on adolescent brain development
The effects of alcohol observed depend on the severity of drinking during adolescence. In these studies, binge drinking was defined as ≥4 drinks/occasion for females, ≥5 drinks/occasion for males, moderate drinking encompassed binge drinking <13 of the previous 26 weeks, averaging ≤30 drinks/month, and heavy drinking included ≥30 drinks and ≥4 binges in a month [31] . Our discussion will focus on heavy drinkers as these compose most adolescent problematic drinkers.
Neuropsychological changes: attention, executive function, emotional reactivity, distress tolerance
Heavy adolescent drinkers in general have been found to have overall poorer attention and executive function [32] . Heavy adolescent drinkers have also demonstrated heightened emotional reactivity and poorer distress tolerance than nondrinkers; however, these were recovered with abstinence [33] . Nguyen-Louie et al. [35] found that a greater number of alcohol use days was associated with worse verbal memory and visuospatial ability, and more post-drinking effects and drug use were associated with slower psychomotor speed compared to controls. Squeglia et al. [36] found that more drinking days in the past year in females were associated with worsened visuospatial performance whereas for boys, more past year hangover symptoms predicted worse sustained attention.
Neuroanatomic changes: cerebellum, cortical thickness, and other regions
Outcome drinking classification was based on Cahalan et al. [34] and modified based on the distribution of drinking characteristics of adolescent males and females observed in the first two years of this project [35, 36] . Heavy episodic drinking in adolescents has been associated with smaller cerebellar volumes and reduced cerebellar activity during reward processing [37, 38] compared to controls. Heavy episodic drinking and lifetime alcohol use has been linked to thicker cortices in all four lobes [24] . Those subjects that transitioned into heavy drinking demonstrated smaller left cingulate, pars triangularis, and rostral anterior cingulate volume, and less right cerebellar white matter volumes compared to nondrinkers [39] . Those who drank heavily over the long term demonstrated greater reduction in volume of the left ventral diencephalon, left inferior and middle temporal gyrus, and left caudate and brain stem compared to nondrinkers [39] . Squeglia et al. also found that heavy drinking adolescents had increased rates of grey matter volume loss in the cortico-lateral frontal and temporal regions, in addition to decreased rates of white matter growth in the corpus callosum and pons compared to non-drinkers [40] .
Brain activity
Blood oxygen dependent level (BOLD) activity has been found to predict escalating drinking and alcohol-related problems [31] . Those that transitioned into heavy drinking compared to moderate and heavy drinkers demonstrated group differences in BOLD response in the bilateral caudate, orbitofrontal cortex, medial frontal cortex/anterior cingulate and left insula [31] . BOLD response predicted best over family history of alcoholism or impulsivity [31] . Brumback et al. found that heavy drinkers also exhibited greater BOLD activation in the bilateral striatum/globus pallidus, left anterior cingulate, bilateral cerebellum, and parahippocampal gyrus extending to the thalamus/substantia nigra compared to nondrinkers over the course of one month. Increased BOLD activation was found in response to alcohol cues by heavy drinkers versus non-drinkers in the left anterior cingulate cortex and in the right cerebellar region, though this activation was reduced to non-significance following one month of abstinence [41] .
Those with alcohol use disorders have also been found to have changes in BOLD response to spatial working memory tasks despite adequate performance compared to controls [36] . Those with alcohol use disorder demonstrated increased brain response during the task in the bilateral parietal cortices and diminished response in other regions (left precentral gyrus, bilateral cerebellum) compared to controls [36] . Some have suggested this is related to neuronal re-organization that occurs with early drinking [36] .
Summary of alcohol-related findings
The observed associations of alcohol on the developing adolescent are many. Heavy drinking has been found to be associated with neuropsychological changes including poorer attention and executive function [32] , heightened emotional reactivity [33] , and poorer distress tolerance [33] . Neuroanatomic changes such as smaller cerebellar volumes and reduced cerebellar activity during reward processing have also been found in heavy drinkers [37, 38] ; thicker cortices in all four lobes in heavy drinkers have also been found [24] . Increased rates of grey matter volume loss in the cortical lateral frontal and temporal regions, in addition to decreased rates of white matter growth in the corpus callosum and pons have also been found in heavy drinkers compared to nondrinkers [40] . Finally, BOLD activity has been found to predict escalating drinking and alcohol-related problems. BOLD response predicted best over family history of alcoholism or impulsivity [31] . Heavy drinkers have also been found to have changes in BOLD response for spatial working memory tasks despite adequate performance [36] . These findings have been summarized in Table 1 .
Caveats
A major caveat in interpreting these neural findings is that it is difficult to tease apart whether some of the changes observed are related to the development of alcohol use disorder versus a consequence of heavy alcohol use during critical periods of brain development; there is also some overlap in findings between these two. Squeglia et al. [40] have suggested that use of animal models may clarify these relationships. One animal model cited has been an example of rodents provided with high, intermittent dosing of alcohol that were found to exhibit possible neuroadaptation in response [40]. These rodents were found to have increased neuroimmune receptor expression for advanced glycation end products in the prefrontal cortex following extended periods in the absence of alcohol, but not in the interim period [40] . Similar caveats apply to cannabis use disorders. Brumback et al. [41] have also argued that the anterior cingulate cortex and cerebellar regions are associated with cue reactivity in those with alcohol and other substance use disorders. Whether these regions are also implicated as consequences of use during adolescent brain development is not clear but highlights the importance of considering overlap in regions identified [41] .
Conclusions
Brain development in the growing adolescent is a very active time with major changes observed in the limbic system, cerebral white matter, grey matter, and a number of sex based differences. The influence of cannabis and alcohol on brain development during adolescence is significant across a number of areas that have been studied.
Adolescent cannabis users tend to perform more poorly than non-users on tasks requiring attention, memory, processing speed, visuospatial functioning, and executive functioning, while young alcohol users show poorer performance than non-drinkers on tasks of attention and executive functioning. Cannabis users show thicker cortices in the left entorhinal cortex, and thinner temporal and frontal cortices; in contrast, alcohol users demonstrate thicker cortices in all four lobes. Both cannabis and alcohol users show less brain volumes in many areas than non-users. In some studies, cannabis users have shown lower hippocampal, prefrontal cortex, and amygdala volumes than non-users, and less grey matter volume in the amygdala, prefrontal cortex, parietal cortex, and striatum than non-users. Alcohol users show smaller volumes of the left ventral diencephalon, left inferior and middle temporal gyrus, and left caudate and brain stem volumes than non-drinkers. Lastly, cannabis users show more PET activity of frontal and paralimbic regions and the cerebellum than non-users, while chronic cannabis users show lower resting function of the cerebellum and frontal regions than non-users. Heavy drinkers show differences in BOLD response in the bilateral caudate, orbitofrontal cortex, and medial frontal cortex/anterior cingulate and left insula, as compared to non-users.
A critical issue is if the differences between groups are provoked by exposure of the developing brain to alcohol and/or cannabis, or if these abnormalities were present prior to the onset of substance use. Only carefully designed longitudinal studies that initially characterized youth prior to the onset of any substance use, and with high follow-up rates and large enough samples sizes from which to observe transitions into various types and levels of substance use, can help evaluate the relationships between substance use and brain development.
The findings reviewed here suggest that developing brain in adolescence is sensitive to the use of cannabis and alcohol. Some effects appear to resolve following abstinence, whereas others appear to persist. For example, cannabis users have been found to have thicker cortices in the left entorhinal cortex even after 28 days of abstinence. However, lifetime cannabis use has been associated with thinner temporal and frontal cortices. While heavy drinkers have been found to have poorer attention and executive function long term, though emotional reactivity and distress tolerance are recovered with abstinence. These findings can help guide clinicians, parents, and adolescents about the consequences of alcohol and cannabis use.
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